Featured Application: This work provides the testing and theoretical reference for material and structure design of asphalt pavement in three-dimensional stress states under freeze-thaw conditions. Abstract: In order to study the influence of freeze-thaw cycles on the multi-axial strength of AC (Asphalt Concrete)-13 and SMA (Stone Mastic Asphalt)-13 asphalt mixtures which are widely used in China, triaxial tests were carried out in the laboratory. Two nonlinear failure criterions under three-dimensional stress states in octahedral space were established. A linear model for engineering design and its simplified testing method were then presented. The three-dimensional failure criteria of asphalt mixtures after 0, 1, 3, 5, 10, 15, 20 freeze-thaw cycles were also proposed. The results indicated that the multi-axial strength decayed significantly after 20 freeze-thaw cycles. It is noteworthy that the strength degrades rapidly during the first 5 freeze-thaw cycles. Compared with AC-13 asphalt mixture, the SMA-13 asphalt mixture exhibits better performance on the resistance to freeze-thaw damage, and it is recommended as the upper surface layer material of pavement structure.
Introduction
Asphalt pavement is influenced by freeze-thaw cycles in the middle and lower reaches of the Yangtze River and some seasonally frozen areas of China in winter. Many studies have shown that freeze-thaw cycles significantly affect the performance of asphalt mixtures [1] [2] [3] . The freeze-thaw process would lead to the loss of adhesion between binder and aggregates, which can also change the properties of aggregate, such as strength, compressibility, porosity, and permeability [2] , as well as reduce the strength and stiffness of asphalt mixtures. Therefore, it can cause various forms of premature pavement distress [3] . Some asphalt pavements were discovered to have grave freeze injury during construction right away or after the construction process is completed [4, 5] . Hence, effective analysis of the freeze-thaw cycles on the performance of asphalt mixtures is necessary [6] [7] [8] .
General studies are mainly focused on the influence of freeze-thaw cycles and the macro performance of asphalt mixtures under simple stress states including resistance, stiffness, stability, fatigue life, low-temperature properties, etc. [9] [10] [11] [12] [13] [14] [15] . They have made contributions to improve the accuracy of asphalt pavement design parameters. And a number of studies on the damage evolution of asphalt mixtures during freeze-thaw cycles from the basis of micro-level were reported in Ref. [16, 17] .
Laboratory Experimental Program

Materials
The continuous-graded AC(Asphalt Concrete)-13 and gap-graded SMA(Stone Mastic Asphalt)-13 asphalt mixtures, which are very commonly used for the surface layer on the highway and recommended by Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40-2004) in China, were prepared for the experiment with its gradations listed in Figure 1 . The basalt was used as aggregates and the SBS (Styrene Butadiene Styrene) modified bitumen (Zhonghai Asphalt (Taizhou) Co.,Ltd., Taizhou, China) was used as a binder for the preparation of specimens. The basic properties of SBS modified bitumen are as shown in Table 1 and the properties of lignin fiber for the SMA-13 asphalt mixture are shown in Table 2 . in Ref. [16, 17] . Furthermore, a lot of models were established to characterize the mechanical performance of asphalt mixtures after multiple freeze-thaw cycles under simple stress states [18, 19] . However, the asphalt mixtures are not only affected by the freeze-thaw cycles, but also by the complex stress states in the site [20, 21] . Therefore, the uniaxial tensile test, uniaxial compression test, bending test, and indirect test under one-dimensional or two-dimensional stress states cannot reflect the failure modes of asphalt mixtures in three-dimensional stress conditions in the asphalt pavement structures [22] [23] [24] . Generally speaking, the tensile properties of asphalt materials should be emphasized at relatively low temperature. While the conventional triaxial test is available only for the triaxial compressive stress state with confining pressure if the first principal stress 1  equal to the second principal stress 2  , the triaxial tensile tests cannot be carried out [25] [26] [27] . As it is difficult to study the multi-axial strength properties of asphalt mixtures [28, 29] , the three-dimensional failure criterion of asphalt mixture after freeze-thaw cycles has not been developed.
The objective in this paper is to study the effects of the complex stress states and freeze-thaw in asphalt pavement in the laboratory, as well as to perform triaxial tests (especially triaxial tensile testing) for AC (Asphalt Concrete)-13 and SMA (Stone Mastic Asphalt)-13 asphalt mixtures after freeze-thaw cycles with the self-developed triaxial test method. In addition, the nonlinear and linear failure criterions under three-dimensional stress states are established to evaluate the impact of stress and freeze-thaw cycles on the performance of these asphalt mixtures. From the strength point of view, the SMA-13 asphalt mixture exhibits better freeze-thaw resistance under complex stress condition compared with the AC-13 asphalt mixture. Therefore, it is recommended as the upper surface layer material of pavement structure.
Laboratory Experimental Program
Materials
The continuous-graded AC(Asphalt Concrete)-13 and gap-graded SMA(Stone Mastic Asphalt)-13 asphalt mixtures, which are very commonly used for the surface layer on the highway and recommended by Technical Specifications for Construction of Highway Asphalt Pavements (JTG F40-2004) in China, were prepared for the experiment with its gradations listed in Figure 1 . The basalt was used as aggregates and the SBS (Styrene Butadiene Styrene) modified bitumen (Zhonghai Asphalt (Taizhou) Co.,Ltd., Taizhou, China) was used as a binder for the preparation of specimens. The basic properties of SBS modified bitumen are as shown in Table 1 and the properties of lignin fiber for the SMA-13 asphalt mixture are shown in Table 2 . The solid cylindrical specimens were made by the gyratory compactor (TIPTOP China Limited, Shanghai, China) with 100 mm diameter and 102 mm height. The performances of mixtures were extensively tested earlier by Huang [27, 28] . The optimum asphalt-aggregates weight ratio of the AC-13 specimens was 5.2% with the air void content of 4.5%. The optimum asphalt-aggregates weight ratio of the SMA-13 specimens was 6.1% with the air void content 3.6%, and the content of the lignin fiber was 0.3%. Moreover, the two ends of the original specimen were polished by the diamond blade (Zhejiang Chenxin Machinery Equipment Co., Ltd, Shaoxing, China) up to the height of 100 mm. The hollow cylinder specimens with a dimension of 10 mm × 50 mm × 100 mm (inner radius × outer radius × height) were prepared for the triaxial tests by coring the solid cylinder specimens.
Testing Conditions and Procedures
Freeze-Thaw Cycles
The freeze-thaw experiments were carried out by repeating the freeze-thaw cycles according to the specification of the Standard Test Methods of Bitumen and Bituminous mixtures for Highway Engineering (JTG E20-2011) in China. Firstly, the specimens were immerged into the tap water in the water tank which was placed in the vacuum drying oven and kept the vacuum for 15 min under the condition of 97.3~98.7 kPa. Then, the valve was opened, the atmospheric pressure restored, and the specimens were placed in the water for 0.5 h. After that, we took out the specimens and put them into a plastic bag, added about 10 mL water and tightened the plastic bag. The specimens were put into the thermostats at the condition of −18 • C for 16 h. Finally, we took out the specimens and immediately put them in the water thermostat tank at 60 • C for 24 h. One freeze-thaw cycle was completed by following the above steps. The triaxial tests were conducted at the end of 0, 1, 3, 5, 10, 15, and 20 cycles.
Triaxial Test
The triaxial test method is used to characterize the mechanical properties of asphalt mixtures under complex stress states, especially in the triaxial tensile stress state, as shown in Figure 2 . In this test, a hollow cylinder specimen was placed in the test equipment while the inner and outer surfaces of the specimen were loaded by two independent flexible airbags. Hence, adjustable radial compressive stress and circumferential tensile stress can be generated. Meanwhile, the axial tensile or compressive stresses were produced by a material testing system MTS (Mechanical Testing & Simulation systems company, Minneapolis, USA). Therefore, the three-dimensional unequal stress states can be generated to simulate the complex stress states of asphalt pavement materials in the pavement structures.
Simulation systems company, Minneapolis, USA). Therefore, the three-dimensional unequal stress states can be generated to simulate the complex stress states of asphalt pavement materials in the pavement structures. According to elastic mechanics, the principal stresses, including axial stress, In order to simulate the weather of the middle and lower reaches of the Yangtze River and some seasonally frozen areas of China in winter, as shown in Figure 3 , 5 °C was selected as the testing temperature. Before the test, the specimens were kept in the temperature control chamber for more than 6 h. The axial loading rate was 2 mm/min, which is the same as the loading rate of the uniaxial compressive test in the current specification. Before the triaxial compressive test, some measures have been taken to reduce the friction at the end of the specimen. For example, lubricant oil was smeared on the upper and lower surfaces of the specimen. During the triaxial tensile test, it is necessary to ensure that the specimen is broken without degumming [29] . The triaxial test procedures are as follow: In order to simulate the weather of the middle and lower reaches of the Yangtze River and some seasonally frozen areas of China in winter, as shown in Figure 3 , 5 • C was selected as the testing temperature. Before the test, the specimens were kept in the temperature control chamber for more than 6 h. The axial loading rate was 2 mm/min, which is the same as the loading rate of the uniaxial compressive test in the current specification. Simulation systems company, Minneapolis, USA). Therefore, the three-dimensional unequal stress states can be generated to simulate the complex stress states of asphalt pavement materials in the pavement structures. According to elastic mechanics, the principal stresses, including axial stress, In order to simulate the weather of the middle and lower reaches of the Yangtze River and some seasonally frozen areas of China in winter, as shown in Figure 3 , 5 °C was selected as the testing temperature. Before the test, the specimens were kept in the temperature control chamber for more than 6 h. The axial loading rate was 2 mm/min, which is the same as the loading rate of the uniaxial compressive test in the current specification. Before the triaxial compressive test, some measures have been taken to reduce the friction at the end of the specimen. For example, lubricant oil was smeared on the upper and lower surfaces of the specimen. During the triaxial tensile test, it is necessary to ensure that the specimen is broken without degumming [29] . The triaxial test procedures are as follow: Before the triaxial compressive test, some measures have been taken to reduce the friction at the end of the specimen. For example, lubricant oil was smeared on the upper and lower surfaces of the specimen. During the triaxial tensile test, it is necessary to ensure that the specimen is broken without degumming [29] . The triaxial test procedures are as follow:
(1) Tensile meridian and compressive meridian: The tensile meridian/compressive meridian can be obtained by the triaxial tensile/compressive test. Three-direction isobaric stress condition (σ 1 = σ 2 = σ 3 ) of specimens were set at certain stress levels by applying the inner, outer airbags and loading shaft of MTS, and thereafter, the axial tensile/compressive stress σ 1 /σ 3 was applied until the failure of the specimen. A series of tensile tests were carried out under different three-direction isobaric stress conditions to obtain the tensile meridian. Likewise, the compressive meridian can be obtained. On the tensile meridian and compressive meridian, the lode angle was equal to 0 • and 60 • , respectively. The stress path of the tensile meridian and compressive meridians are shown in Figure 4 . and loading shaft of MTS, and thereafter, the axial tensile/compressive stress
 was applied until the failure of the specimen. A series of tensile tests were carried out under different three-direction isobaric stress conditions to obtain the tensile meridian. Likewise, the compressive meridian can be obtained. On the tensile meridian and compressive meridian, the lode angle was equal to 0°and 60°, respectively. The stress path of the tensile meridian and compressive meridians are shown in Figure 4 .  , was applied by an MTS material testing machine until specimen failure. On the strength envelope curve, the average stresses were basically the same and the lode angles ranged from 0°~60° gradually. The stress path is shown in Figure 5 [28, 29] . (2) Strength envelope curve: The strength envelope curve can be obtained by plane tensile and compressive/axial tensile tests. At first, the transverse stresses, σ 2 and σ 3 , were increased up to the pre-determined values proportionally by applying pressure with the inner airbag. Then, the axial tensile stress, σ 1 , was applied by an MTS material testing machine until specimen failure. On the strength envelope curve, the average stresses were basically the same and the lode angles ranged from 0 •~6 0 • gradually. The stress path is shown in Figure 5 [28, 29] .
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The average value of three effective test results of triaxial compressive/tensile tests, the plane tensile, and compressive/axial tensile tests are presented in Table 3 . Based on the test results, the octahedral normal stress, σ oct , octahedral shear stress, τ oct , and lode angle, θ can be obtained by the following formulas [29] :
(1) For triaxial compressive tests, both AC-13 and SMA-13 specimens are mainly represented as shear failure shown in Figure 6 . For the triaxial tensile test, the plane tensile, and compressive/axial tensile test, the specimen failures are shown in Figure 7 . Based on the triaxial test results, the SMA-13 asphalt mixture has a higher strength in three-dimensional stress states (especially in triaxial tensile stress states) compared with AC-13 asphalt mixture. The three-dimensional nonlinear failure criterions of AC-13 and SMA-13 asphalt mixtures were established as follows:
Tensile meridian:
Compressive meridian: Table 4 . The results of the experiments/prediction are presented in Figures 8 and 9 , respectively. 
For triaxial compressive tests, both AC-13 and SMA-13 specimens are mainly represented as shear failure shown in Figure 6 . For the triaxial tensile test, the plane tensile, and compressive/axial tensile test, the specimen failures are shown in Figure 7 . Based on the triaxial test results, the SMA-13 asphalt mixture has a higher strength in three-dimensional stress states (especially in triaxial tensile stress states) compared with AC-13 asphalt mixture. The three-dimensional nonlinear failure criterions of AC-13 and SMA-13 asphalt mixtures were established as follows:
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Compressive meridian: Based on the triaxial test results, the SMA-13 asphalt mixture has a higher strength in three-dimensional stress states (especially in triaxial tensile stress states) compared with AC-13 asphalt mixture. The three-dimensional nonlinear failure criterions of AC-13 and SMA-13 asphalt mixtures were established as follows:
Compressive meridian:
Strength envelope curve:
where f c is the uniaxial compressive strength, a, b, c, d, e, f, and n are model parameters as shown in Table 4 . The results of the experiments/prediction are presented in Figures 8 and 9 , respectively. It is shown that these failure criteria are in good agreement with the test results and reflect the difference between the tensile and compressive strength of the asphalt mixtures under complex stress states, as well as the synergistic failure effect of each stress component in the pavement structures.
However, these criteria are complicated and have many fitting parameters. In the process of regression, the tensile meridian can be approximated with a quadratic polynomial. The tensile and compressive meridians must intersect at the triaxial equal tensile point when oct  = 0. The tensile meridian and compressive meridian were set at a proportion relationship to simplify the meridians. Furthermore, it is assumed that the strength envelope in the region of 0°~60° is interpolated with the sine function [29, 30] . Therefore, the failure criteria can be represented as It is shown that these failure criteria are in good agreement with the test results and reflect the difference between the tensile and compressive strength of the asphalt mixtures under complex stress states, as well as the synergistic failure effect of each stress component in the pavement structures.
However, these criteria are complicated and have many fitting parameters. In the process of regression, the tensile meridian can be approximated with a quadratic polynomial. The tensile and compressive meridians must intersect at the triaxial equal tensile point when τ oct = 0. The tensile meridian and compressive meridian were set at a proportion relationship to simplify the meridians. Furthermore, it is assumed that the strength envelope in the region of 0 •~6 0 • is interpolated with the sine function [29, 30] . Therefore, the failure criteria can be represented as Tensile meridian:
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9 of 14 where a 1 , b 1 , c 1 , k, and m are model parameters as shown in Table 5 . The comparison with experiments is shown in Figures 8 and 9 . 
Linear Failure Criterion
As it is difficult for the engineering design department to establish the failure criteria, the nonlinear criteria should be further simplified for the convenience of analysis. Therefore, a linear failure criterion can be established by curve fitting as below [29] .
where a 2 , b 2 , and k 1 are model parameters as shown in Table 6 . Seeing from Figures 9 and 10 , the nonlinear failure envelope curves of asphalt mixtures are transformed from the shape similar to a shield into a hexagon in the σ oct − τ oct space due to linear fitting. With the increase of average stress, the hexagon strength envelope gradually expands along the linear tensile and compressive meridians as shown in Figure 11 . Furthermore, the simplified failure criterion under complex stress states can be established by the uniaxial compressive, uniaxial tensile, and the ordinary triaxial tests. Although each of these tests cannot reflect the strength properties of asphalt mixtures under three-dimensional stress states, the synergistic failure effect of each stress component can be considered with the combination of these tests. Therefore, the engineering design department has the ability to complete the related tests. 
Failure Criterion after Freeze-Thaw Cycles
According to the establishment of engineering failure criterion and its testing method, the failure criterion of AC-13 and SMA-13 asphalt mixtures following freeze-thaw cycles can be established by conducting uniaxial compressive, uniaxial tensile, and the conventional triaxial tests. The average value of three effective test results of failure strength after 0, 1, 3, 5, 10, 15, and 20 freeze-thaw cycles are listed in Table 7 . 
According to the establishment of engineering failure criterion and its testing method, the failure criterion of AC-13 and SMA-13 asphalt mixtures following freeze-thaw cycles can be established by conducting uniaxial compressive, uniaxial tensile, and the conventional triaxial tests. The average value of three effective test results of failure strength after 0, 1, 3, 5, 10, 15, and 20 freeze-thaw cycles are listed in Table 7 . Figure 11 . Linear tensile and compressive meridians.
According to the establishment of engineering failure criterion and its testing method, the failure criterion of AC-13 and SMA-13 asphalt mixtures following freeze-thaw cycles can be established by conducting uniaxial compressive, uniaxial tensile, and the conventional triaxial tests. The average value of three effective test results of failure strength after 0, 1, 3, 5, 10, 15, and 20 freeze-thaw cycles are listed in Table 7 .
The three-dimensional failure criteria after freeze-thaw cycles can be represented by Tensile meridian:
where N is the number of freeze-thaw cycles; a 2 , b 2 c 2 , and k 1 are model parameters as shown in Table 8 . The failure characteristics of AC-13 and SMA-13 asphalt mixtures after freeze-thaw cycles are similar to the previous failure modes. The specimens experienced shear failure and tensile failure and there are a few loose grains on the failure surfaces.
Seeing from Figures 12 and 13 , there are multivariate linear relationships between the octahedral shear strength and the octahedral normal strength, as well as the freeze-thaw numbers of AC-13 and SMA-13 asphalt mixtures, the failure envelope curves also shrink during the freeze-thaw process. This criterion provides the testing and theoretical reference for material and structure design of asphalt pavement in three-dimensional stress states under freeze-thaw conditions. As shown in Figure 14 , the freeze-thaw process can degrade the resistance of three-dimensional stress states; the uniaxial compressive strength, triaxial compressive strength, and uniaxial tensile decayed significantly after 20 freeze-thaw cycles for these two asphalt mixtures. Especially, the strength degrades rapidly during the first 5 freeze-thaw cycles. Compared with the continuous-graded AC-13 asphalt mixture, the gap-graded SMA-13 asphalt mixture exhibits better resistance to freeze-thaw damage under complex stress conditions. This is mainly because SMA-13 is a framework-dense structure and AC-13 is a suspend-dense structure, the SMA-13 asphalt mixture consists of a coarse aggregate skeleton which has a high binder content and a low air void content, and there are some fibers in the mixture [31] [32] [33] . Since the influence of freeze-thaw cycling and complex stress conditions are inevitable in the middle and lower reaches of the Yangtze River and some seasonally frozen areas of China in winter, the SMA-13 asphalt mixture is recommended to improve the resistance to freeze-thaw erosion. As shown in Figure 14 , the freeze-thaw process can degrade the resistance of three-dimensional stress states; the uniaxial compressive strength, triaxial compressive strength, and uniaxial tensile decayed significantly after 20 freeze-thaw cycles for these two asphalt mixtures. Especially, the strength degrades rapidly during the first 5 freeze-thaw cycles. Compared with the continuous-graded AC-13 asphalt mixture, the gap-graded SMA-13 asphalt mixture exhibits better resistance to freeze-thaw damage under complex stress conditions. This is mainly because SMA-13 is a framework-dense structure and AC-13 is a suspend-dense structure, the SMA-13 asphalt mixture consists of a coarse aggregate skeleton which has a high binder content and a low air void content, and there are some fibers in the mixture [31] [32] [33] . Since the influence of freeze-thaw cycling and complex stress conditions are inevitable in the middle and lower reaches of the Yangtze River and some seasonally frozen areas of China in winter, the SMA-13 asphalt mixture is recommended to improve the resistance to freeze-thaw erosion.
Summary and Conclusions
Through the triaxial experiments, the nonlinear failure criterion with seven parameters and the 
Through the triaxial experiments, the nonlinear failure criterion with seven parameters and the simplified nonlinear failure criterion with five parameters have been established to characterize the mechanical behavior of AC-13 and SMA-13 asphalt mixtures under three-dimensional stress states. Furthermore, a linear engineering failure criterion with three parameters is also proposed. This criterion can be obtained by uniaxial compressive, uniaxial tensile, and conventional triaxial compressive tests. With the linear criterion, the synergistic failure effect of each stress components can be considered which is also convenient for engineering analysis.
The three-dimensional failure criteria of AC-13 and SMA-13 asphalt mixtures after 0, 1, 3, 5, 10, 15, and 20 freeze-thaw cycles are presented based on the combination strength tests. There is a multivariate linear relationship between the octahedral shear strength, the octahedral normal strength, as well as the freeze-thaw numbers. Compared with the AC-13 asphalt mixture, the SMA-13 asphalt mixture exhibits better resistance to freeze-thaw damage under complex stress states. Therefore, the SMA-13 SBS asphalt mixture is recommended as the upper surface layer material of pavement structure.
Further analysis is required for asphalt mixtures with varying asphalt content or varying compaction in the lab to improve the three-dimensional resistance following freeze-thaw cycles. Meanwhile, data can be obtained by taking special samples from construction projects to conduct triaxial tests to establish actual failure criteria.
